Topoisomerase IIIα (topo IIIα), a member of the conserved Type IA subfamily of topoisomerases, is required for the cell proliferation in mitotic tissues, but has a lesser effect on DNA endoreplication. The top3α gene encodes two forms of protein by utilizing alternative translation initiation sites: one (short form) with the nuclear localization signal only, exclusively localized in the nuclei, and the other (long form), retaining a mitochondrial import sequence at the N-terminus and the nuclear localization sequence at the C-terminus, localized primarily in the mitochondria, though with a small portion in the nuclei. Both forms of topo IIIα can rescue the viability of null mutants of top3α. No apparent defect is associated with the flies rescued by the long form; short-form-rescued flies (referred to as M1L), however, exhibit defects in fertilities. M1L females are sterile. They can lay eggs but with mitochondrial DNA (mtDNA) copy number and ATP content decreased by 20-and 2-to 3-fold, respectively, and they fail to hatch. Of the newly eclosed M1L males, 33% are completely sterile, whereas the rest have residual fertilities that are quickly lost in 6 days. The fertility loss of M1L males is caused by the disruption of the individualization complex and a progressive loss of germ-line stem cells. This study implicates topo IIIα in the maintenance of mtDNA and male germ-line stem cells, and thus is a causative candidate for genetic disorders associated with mtDNA depletion.
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mtDNA depletion | DNA replication | DNA segregation | topoisomerase I ntertwining of DNA duplex provides an elegant means to store and transmit genetic information. However, because of this bihelical structure, the transaction of genetic information leads to DNA entanglement such as supercoiling, knotting, and catenation. DNA topoisomerases are nature's solution for resolving the topological problems associated with DNA metabolism. Based on structure and mechanism, there are two main groups of these enzymes (1, 2) . Type I topoisomerases can reversibly cleave one DNA strand at a time, and type II enzymes are able to generate transient double strand breaks and transport another DNA segment through the reversible breaks. There are additional subtypes for each group. Bacterial topo I/III and eukaryotic topo III belong to type IA enzymes, and they work via a mechanism of strand passage through an enzyme-bridged single strand break. There are two isozymes of topo III, α and β, in metazoans: topo IIIα is essential for viability, and topo IIIβ is not (3, 4) . Eucaryotic topo I is classified as type IB enzymes, and it forms an evolutionarily distinct class when compared with type IA enzymes, presumably a descendent of site-specific recombinases in bacteria (5) . These enzymes work by generating a strand break where protein is linked to the 3 0 -phosphoryl end, allowing the free 5 0 end to undergo a restrained rotation around the nonscissile strand (6) . Type IB can thus serve as an efficient swivel to remove supercoiling accumulated during replication or transcription. Whereas type IA enzymes can also function as a swivel, their strand passage activity can promote reactions as diverse as segregating replicated chromosomes and regulating the formation/ resolution of recombination intermediates (7) . Members in type II enzymes are grouped into A and B subtypes, and they are closely related both in structure and mechanism. These enzymes are able to alter DNA supercoiling, but have essential functions in the segregation of daughter chromosomes. Most organisms have at least one or two members of each type of topoisomerases. The presence and function of topoisomerases in organelles like mitochondria and chloroplast, not as thoroughly investigated as their nuclear counterpart, remain to be elucidated.
Mitochondria have a number of critical functions beyond a source for metabolic energy, including processing of key metabolites and the control of programmed cell death (8) . Abnormal mitochondria and mitochondrial dysfunction are known to be associated with a number of clinically important human diseases (9) . Whereas the nuclear genome encodes all of the functions involved in the intermediate metabolism and biogenesis of mitochondria, the mitochondrial genome encodes part of the mitochondrial protein synthesis machinery, and more importantly, the core peptides for oxidative phosphorylation. Thus, mutations affecting the stable maintenance and transmission of mitochondrial genome can disrupt oxidative phosphorylation and ATP production.
The complexity of mitochondrial genomes varies greatly, with those from fungi and plants having the most complexity. Animal mitochondrial DNA (mtDNA) is a small genome, and typically exists as a circular, covalently closed molecule ranging from 15 to 20 kb (10). The known nuclear genes that are essential for mitochondrial DNA replication include DNA polymerase gamma, polymerase gamma accessory protein, DNA helicase, mitochondrial transcriptional factor A, and RNA polymerase serving as a primase [(11, 12) ; reviewed in (13) ]. Interestingly, whether any DNA topoisomerases have a critical function in mitochondrial DNA replication remains to be elucidated. For DNA replication in kinetoplast, a mitochodrion-like organelle in trypanosome, both topoisomerase II (topo II) and a type IA topoisomerase are known to have essential functions (14, 15) . The picture is less clear for animal cells. There exists a dedicated mitochondrial type IB enzyme in mammalian cells (16) . However, genetic studies suggest that it is dispensable for mitochondrial DNA maintenance (17) . Biochemical analysis using subcellular fractionation provides evidence for the presence of a truncated form of topo IIβ in bovine heart (18) . There is also clear evidence to demonstrate the presence of a mitochondia-targeting form of a type IA enzyme using an alternate translational initiation of top3α gene in human cells (19) . However, whether these two enzymes are essential for mitochondrial DNA maintenance remains to be determined.
Drosophila topo IIIα has a short, unconserved sequence at the amino terminus of the protein, which contains a putative mitochondrial import sequence, similar to its mammalian counterpart (4) . This paper demonstrates that the amino-terminal sequence has the predicted function in targeting topo IIIα to mitochondria. Furthermore, we took the advantage of the genetic tools we developed for studying Drosophila topo IIIα, and showed that both the maintenance of mitochondrial DNA and mitochondrial functions depend on the presence of topo IIIα. Lastly, we described the phenotypes associated with mitochondrial dysfunction, including the female sterility and the loss of germ-line stem cells of males, as a result from topo IIIα deprivation.
Results topo IIIα Is Localized in Both Nuclei and Mitochondria. The aminoterminal sequence of eukaryotic topo IIIα contains a mitochondial targeting signal, and human topo IIIα contains this sequence can localize to the mitochondria in the cultured cells (19) . The N-terminal sequence of metazoan topo IIIα, including that of Drosophila, also contains such a mitochondrial import sequence (4, 19) . Drosophila oogenesis and spermatogenesis are favorable systems to examine the mitochondrial subcellular localization and its functional importance. We analyzed the subcellular localization of the endogenous Drosophila topo IIIα protein during gametogenesis.
During the spermatogenesis (20) , germ-line stem cells located at the apical tip of the coiled testis undergo mitotic cell division to give rise to spermatogonial cells, followed by four additional cycles of mitosis, each producing 16 primary spermatocytes that are interconnected as a result of incomplete cytokinesis, and forming a 16-cell cyst surrounded by two somatic cyst cells. Following a growth stage where the cyst increases 25-fold in size, the 16 primary spermatocytes in the cyst undergo meiosis, resulting in 64 haploid spermatids. By the onion stage of early spermatid differentiation, the mitochondria in each spermatid have aggregated to form the mitochondrial derivative, nebenkern. Each spermatid contains a single nucleus paired with a nebenkern. In the later stages of spermatogenesis, the spermatids go through elongation, nuclei condensation, and individualization, during which the syncytial spermatid bundle is resolved into 64 separate sperm cells. Finally, the sperms curl up, the cyst ruptures, and the mature sperms move into the seminal vesicle for storage.
We dissected the testes and examined the expression patterns of topo IIIα by immunostaining with an affinity-purified polyclonal antibody. topo IIIα was detected in both nuclei and cytoplasm of spermatogonia and spermatocytes, with a localization mainly in the nuclei (Fig. 1A) . In contrast, during the metaphase of meiosis I, topo IIIα was prominent in the mitochondria of the spermatocytes, with detectable staining on the highly condensed chromatin ( Fig. 1 B and B 0 and Arrow) surrounded by the mitochondria. topo IIIα expression persists in the mitochondria in the onion and elongation stages of spermatids ( Fig. 1 C and D) . At these stages, mitochondria (nebenkerns) show a characteristic position of neighboring a nucleus. The localization of topo IIIα in the mitochondria was further confirmed by triple staining with a mitochondria marker cytochrome c (Fig. 1F) . Following the elongation process, while topo IIIα was still present in the elongated mitochondrial derivative, it was not detectable in the condensed, needle-shaped nuclei bundles (Fig. 1E) . We also examined the topo IIIα expression pattern during oogenesis. Similarly, it localized in both nuclei and mitochondria, with a predominant presence in nuclei. Collectively, topo IIIα is localized in both nuclei and mitochondria during gametogensis.
The Amino Terminus of topo IIIα Contains a Mitochondrial Import
Sequence. Drosophila, human, and mouse topo IIIα all have a putative, unconserved mitochondrial import sequence at the N terminus of the protein, sandwiched between two tandem initiating methionines (4, 19) . topo IIIα of metazoans is thus characterized with the presence of dual subcellular localization sequences: a mitochondrial import sequence at the N-terminus, and a nuclear localization signal in the C-terminal domain following the catalytic core domain. Analysis using the mitochondrial prediction algorithm (21) gives import probabilities higher than 83% for these mitochondrial localization sequences ( Fig. 2A) . To investigate the role of the putative mitochondrial import sequence in the localization of Drosophila topo IIIα, we altered the translational initiation by changing either the first or second translational initiation condon from AUG to UUG. We first generated a wild type top3α genomic transgene, top3α-YFP, with an in-frame YFP fusion at the carboxyl terminus of topo IIIα ( Fig. 2B and Fig. 3A ). M1L-YFP and M26L-YFP were generated based on top3α-YFP ( Fig. 2B and SI Materials and Methods), and their DNA sequences were identical to top3α-YFP except for the first or second ATG, which were changed to TTG, respectively.
The protein encoded by topo IIIα-YFP transgene is localized in both nuclei and mitochondria, with vast majority in the nuclei (Fig. 2C) . M1L-YFP, with the first AUG altered to UUG and initiating exclusively from the second AUG, encodes a protein deprived of the mitochondrial import sequence, but retaining the nuclear localization signal at the carboxyl terminal portion (Fig. 2B) . As expected, the protein was exclusively localized in nuclei of cultured cells and ovarioles ( Fig. 2 C and D) . With the second AUG was changed to UUG, the translation will be exclusively from the first AUG, giving rise to a protein with a mitochondrial import sequence at its N-terminus and a nuclear localization signal at its C-terminal portion (Fig. 2B) . This protein is predominantly localized in mitochondria, with a detectable fraction in the nuclei (Fig. 2 C and D) . This result thus suggests that the second AUG in the wildtype top3α is used as an alternative translation initiation codon to produce the major nuclear form of topo IIIα.
To further confirm the localization patterns of M1L-YFP and M26L-YFP, we isolated nuclei and mitochondria by sucrose gradient centrifugation. Western blotting with topo IIIα antibody showed that whereas M1L-YFP could be detected in nuclei only (Fig. 2E , Lane 1 vs. Lane 4), M26L-YFP was present in both mitochondria and nuclei, albeit with a lower level in nuclei (Fig. 2E , Lane 2 vs. Lane 5). These biochemical data are consistent with observations in the immunostaining. Altogether, these results demonstrate that the polypeptide between the first and second methionine of Drosophila topo IIIα (Fig. 2B) has a function in mitochondrial import.
Generation of top3α Null Mutants. The top3α transgenes with differential targeting to either nucleus or mitochondrion provide a genetic tool to dissect its functions in these subcellular compartments. Our earlier experiments have identified a lethal top3α mutant, top3α 191 , demonstrating the essentiality of top3α in Drosophila development (4) . Because top3α 191 is a hypomorphic mutant, we will need to isolate a null mutation that can be used to investigate the distinct nuclear vs. mitochondrial function of topo IIIα. In the top3α null mutant with the transgenes having specific targeting preference, the only functional top3α would be that from the transgenes, thus allowing us to dissect its function in distinct subcellular compartments. The knock-out mutants were generated through imprecise excision after mobilizing a P-element in the fly strain top3α EP2272 (4). We isolated two imprecise (Lanes 1-3 ) and nuclei fractions (Lanes 4-6) were separated as described in Materials and Methods, and were subjected to SDS-PAGE, followed by Western blotting with antibodies against topo IIIα, lamin (nuclear marker) and cytochrome c (mitochondrial marker). Asterisk indicates the endogenous topo IIIα and arrow marks YFP fusion products. Fig. 3 . The top3α gene and its null mutant top3α 6 and top3α 54 . (A) Genomic structure of top3α gene and its mutants top3α 6 and top3α 54 . Open triangles represent the remnant inserts derived from P-element and the dashed lines indicate the deleted sequences. Introns are shown as gray bars. (B) Mutants top3α 6 and top3α 54 were verified as null mutants by Western blotting. Lysate of ovaries was subjected to SDS-PAGE and the transferred protein bands were probed with antibodies against topo IIIα, and actin (loading control). Upper bands correspond to topo IIIα-YFP fusion protein, encoded by the transgene top3α-YFP, and the lower bands to the endogenous topo IIIα. (C, D) Brains and attached imaginal discs (Arrowheads) were dissected from wandering larvae of control (C) and top3α 54 mutant (D) visualized with DAPI staining. Salivary gland nuclei (E, F) and fat body nuclei (G, H) of wandering larvae from control (E, G) and top3α 54 mutants (F, H) were stained with DAPI. excision alleles that are homozygous lethal, top3α 6 and top3α 54 , both of which can be rescued by the genomic transgene of top3α, top3α-YFP (Fig. 3A and Table S1 ). Molecular mapping results indicate that at the original P-element insertion site, top3α 6 and top3α 54 have remnant insertions of 638 bp and 331 bp derived from the P-element, respectively. In addition, they also have a deletion of 1540 bp and 2437 bp from nucleotide 203 bp downstream of the first translational initiation codon (Fig. 3A) . Western blotting confirmed that top3α 6 and top3α 54 are null mutants (Fig. 3B) .
top3α Is Required for Cell Proliferation in Mitotic Cells. Homozygotes of top3α 6 and top3α 54 could develop through third instar stage with a 9 day delay as compared to their heterozygous siblings and died at pupation stage. Because topoisomerases play important roles in DNA metabolism, we examined the tissues active in DNA replication from third instar larvae by DAPI staining. Imaginal discs are the only mitotically active tissues during late larval development. Compared with the brain tissue and imaginal discs of their heterozygous siblings (Fig. 3C) , third instar larvae of top3α 54 (or top3α 6 ) mutants had about normal size brains, but surprisingly, a total absence of any imaginal discs (Fig. 3D) . Therefore, top3α is required for proliferation of mitotic cells. They did have, however, salivary glands and fat bodies with nuclei size comparable to those of heterozygous siblings (Fig. 3 E vs. F and G vs. H). There is endoreplication in these tissues, a specialized DNA replication undergoing multiple rounds of DNA synthesis without cytokinesis, hence giving rise to polyploidy nuclei. Because of the potential presence of low levels of maternally stored topo IIIα, endoreplication either does not require topo IIIα or low levels of topo IIIα would suffice. Interestingly, the origin recognition complex components Orc1 and Orc2 are also essential for mitotic cell division, and the endoreplication was not affected in their null mutants (22) . (Table S1 ). M26L-YFP produces a protein with both mitochondrial and nuclear import sequence. Despite the greatly diminished amount of M26L-YFP imported into the nuclei (Fig. 2 C-E), it is sufficient to sustain the essential functions for viability and fertility. However, M1L-YFP produces topo IIIα without a mitochondrial import sequence and is exclusively localized in the nuclei (Fig. 2 C-E) . M1L-YFP rescued flies (referred to as M1L) exhibit fertility defects in both sexes. M1L females are completely sterile. Compared with the heterozygous siblings, M1L females have no significant difference in egg yields during a 12 day period, but their eggs appear to be smaller as a whole, and 17% shorter in length (Fig. 4 A-C) . They are also prone to collapse, indicative of defects in vitellogenesis (23, 24) . The remaining intact embryos could not hatch, but could develop to different stages up to gastrulation. There is significant DNA fragmentation, suggesting severe defects in nuclear DNA replication. To examine the effect on mtDNA replication, we examined whether there was a change in mtDNA copy number in the 0-1 hr M1L embryos by quantitative PCR. The mtDNA copy number was decreased by 20-fold as a result of the removal of mitochondrial import signal of topo IIIα (Fig. 4D) , suggesting that topo IIIα has a critical function in mitochondrial genome maintenance. Because mitochondria are the major source for cellular energy, we made measurements for ATP content in M1L embryos. ATP content of M1L was 2-to 3-fold lower than those of their heterozygous siblings (Fig. 4D) . Interestingly, no apparent change in the level of cytochrome c, a nucleus-encoded protein, was detected in these embryos (Fig. 4D) . These defects in mtDNA copy number and ATP content are not limited to embryos. Both ovaries and testes of M1L also have a lower ATP level (Fig. S1 ) and a decreased mtDNA content (Fig. S2 ) relative to their heterozygous siblings.
The fertility of M1L males is also severely impaired. Their fertility decreases drastically as the flies age. In the newly eclosed M1L males, 33% of them were completely sterile, and the rest of them had a fertility <10% of their heterozygous siblings (Fig. 4E) . To analyze the dependence of fertility on the fly age, we conducted sperm depletion experiments in a period of 12 days. M1L males completely lost fertility after 6 days, whereas heterozygous siblings maintained a steady level of fertility throughout 12 days (Fig. 4E ).
Individualization Complexes of M1L Testes Are Disrupted During Spermatogenesis. There are two major aspects in the fertility defects of M1L males: a severe defect for the newly eclosed males and its rapid deterioration over time. We first examined the spermatogenesis of newly eclosed males. The final stage of spermatogenesis requires the resolution of a spermatid cyst into separate gametes by packaging each of 64 elongated spermatids in its own plasma membrane, a process referred to as individualization (20) . Individualization complex (IC) is an actin-rich structure that is assembled at the nuclear end of the cyst and can be clearly visualized by phalloidin-TRITC staining (Fig. S3 A, B , and Insets). In control testes, the ICs showed distinct triangular shape, and they moved in a coordinated fashion (Fig. S3 A and Inset) . In M1L testes, the ICs were not aligned as in the control, but were scattered along the testes (Fig. S3 B and Inset) , suggesting that they did not move in synchrony. The triangular shape of ICs was not affected, implicating that it could be the movement, not the formation of the ICs that had been impaired.
The fertility defect of M1L males is also reflected in their testes structure. As a whole, 3 day old M1L testes appeared to be 50% smaller in diameter than the control (Fig. S3 C and D, and quantified in Fig. S3E) . Half of the testes had no motile sperm observed in the sperm storage organ seminal vesicles, and the rest had rare. The spermtid nuclei in the same cyst of a normal testis can elongate and condense to form a needle-shaped nuclear bundle (20) (Fig. S3 C and Inset) . However, in the M1L testis, the condensed nuclei were scattered throughout the testis tube (Fig. S3 D and Inset) .
topo IIIα Is Required for the Maintenance of Male Germ-Line Stem Cells (GSC). M1L males, though having residual fertilities, became completely sterile over a period of 6 days, while the fertilities of their heterozygous siblings remained unchanged (Fig. 4E) . To pinpoint the cellular cause, we examined the testes from the males either newly eclosed or with an age of 6 day by triple immunostaing for Vasa, a marker of germ-line cells (25, 26) , Fasciclin III, a marker of hub cells (27, 28) , and DNA. The hub cells provide a niche necessary for the self-renewal of GSC. For the freshly eclosed males, control testes all had apparent Fasciclin in the hub cells (Fig. 5 A and Inset) and different stages of germ-line cells, which were laid out throughout the testes (Fig. 5 A and D) . In contrast, 25% of M1L testes had no apparent Fasciclin signal and very few germ-line cells scattered along the testes (Fig. 5 B and D) . At the age of 6 days, whereas the control testes had the same staining patter as the newly eclosed (Fig. 5D) , the M1L testes exhibited apparent deterioration in spermatogenesis. Fifty-six percent of the testes showed a pattern of few scattered germ-line cells and no Fascilin signal for hub cells (Fig. 5 B and D) . Furthermore, 31% of them were completely devoid of germ-line cells (Fig. 5 C and D) . We did not detect cell death at the apical tip of testes from two-day old males by Tunel Assay, suggesting that GSC loss is a result of defects in cell proliferation. Altogether these data demonstrate that the functions of topo IIIα in mitochondria are indispensable for the maintenance of male GSC.
Discussion
We have demonstrated that Drosophila top3α is essential for cell proliferation, but not so stringently required for endoreplication, a specialized form of DNA replication with cells undergoing multiple round of DNA replication without cytokinesis. top3α encodes two forms of topo IIIα by using alternative translational initiation codons. One (long form) with a mitochondrial import sequence at the amino terminus and a nuclear localization signal at the carboxyl terminus of the protein, is predominantly localized in the mitochondria, with a detectable fraction in the nuclei. The other one (short form) without the mitochondrial import sequence, is present exclusively in the nuclei (Fig. 2) . Both forms of topo IIIα can fully rescue the viabilities of top3α null mutants, suggesting the topo IIIα's functions in nuclei are essential for viabilities. No apparent defect in fertility was observed for flies harboring the long form of topo IIIα. However, both males and females retaining only the short form of topo IIIα exhibit fertility defects, implying that topo IIIα's functions in mitochondria are indispensable for the fertility of flies. The females are completely sterile, and the males have reduced fertility with the residual fertility lost over a period of 6 days due to disruption of ICs and the loss of germ-line stem cells. Moreover, deprivation of topo IIIα in mitochondria led to the loss of mtDNA, implying topo IIIα is required for the mitochondrial genome maintenance. The work presented in this paper thus clearly demonstrates the essential function of a topoisomerase in the metazoan mitochondria.
In the absence of topo IIIα in mitochondria, though the M1L flies can survive to adulthood, they have a 4-to 15-fold decrease in mtDNA copy number, and a lowered ATP content by 2-to 3-fold in ovaries or testes, indicating that topo IIIα plays a key role in mtDNA maintenance and function. Drosophila mtDNA is a circular molecule of about 20 kb. One expects its maintenance would require at least one member from each type of topoisomerases. Among all the topoisomerases present in Drosophila, topo IIIα (4) and topo IIIβ (29) (Type IA), topo I (30) (Type IB), and topo II (31) (Type II), only topo IIIα has been shown to be apparently imported into both the nuclei and the mitochondria. Although it has been reported that human nuclear genome encodes a mitochondria-specific Type 1B topoisomerase, Top1mt (16), which is not essential for viability (32) , no such enzyme exists in Drosophila based on the genome sequence. The topo II immunostaining of the testes, a powerful tool to examine the mitochondrial localization of proteins, revealed that the sole Type II topoisomerase in Drosophila is exclusively localized in the nuclei, implying that Type II topoisomerase might be dispensable for the segregation of mtDNA. Mitochondrial import analysis predicts that topo I and topo II in human, Drosophila, and yeast have import probabilities lower than 5% (Table S2) . Whereas topo IIIα is required for mtDNA maintenance and function in Drosophila, there is no report on the effect on mtDNA in yeast without top3. An interesting question is how mtDNA segregation is achieved if topo IIIα or topo III is the only topoisomerase in mitochondria in Drosophila or yeast. Several lines of experiments demonstrated that mtDNA replicates itself via a strand displacement mechanism (33) . Specifically, replication of the leading strand initiates at the origin O H . Once the leading strand synthesis proceeds for two-thirds of the genome, the synthesis of the complementary strand initiates at the origin O L of the displaced strand. The daughter molecule containing the strand initiated at O L lags in completion and segregates before DNA is fully replicated (34) . With this model of DNA replication, it is plausible that segregation of daughter chromosomes with extensive single-stranded regions can be accomplished by a type IA topoisomerase alone, without the participation of a Type II topoisomerase. Interestingly, earlier biochemical experiments showed that Escherichia coli topo III can efficiently decatenate the repicated plasmid DNA provided there exists single stranded regions in the daughter molecules (35) .
The embryos laid by M1L females can develop to some extent with DNA fragmented, and die at the stage of early embryogenesis. The lethality could be caused by the defects in mtDNA content and deceased ATP level. Reduction of mitochondrial ATP production by 60% can impair G1-S phase transition in adult flies (36) . Furthermore, the loss and mutations of mtDNA could trigger additional pathways that are deleterious to cells. Veatch et al. (37) recently reported that loss of mtDNA resulted in nuclear genome instability by inhibiting the production of proteins containing iron-sulfur clusters. Although mtDNA content is decreased by 4-to 15-fold, the M1L flies can survive to adults; however, their embryos cannot with a 20-fold decrease in mtDNA copy number. These results indicate that there may be a threshold of mtDNA copy number required for mitochondria's cellular functions. Reduction of mtDNA copy number by <70% is defined as mtDNA depletion, which will lead to human diseases (38) . Many clinical cases with instability in mtDNA failed to reach a molecular diagnosis (39) , and thus the causative agent for mtDNA depletion remains unknown. Absence of the mitochondria-targeting sequence in topo IIIα leads to a decrease of mtDNA copy number by at least 75%, suggesting that mistargeting topo IIIα can be a source of human disorders associated with mtDNA depletion. We have generated valuable tools to further dissect the mechanisms underlying the potential genetic disorder in mtDNA depletion due to topo IIIα deprivation in mitochondria.
Materials and Methods
See SI Materials and Methods for a detailed description of materials and methods.
Isolation of Nuclei and Mitochondria. Dissected ovaries were homogenized in buffer containing 5 mM Hepes (pH 7.9), 0.3 M sucrose, 2 mM EDTA, 5 mM KCl. After differential centrifugation, both crude nuclei and mitochondria pellets were resuspended and purified by a linear sucrose gradient, and analyzed by Western blotting.
ATP Assay. Ovaries and testes were dissected, ground, and boiled in Buffer D (5 mM Tris, pH8.0, 0.5 mM EDTA). ATP assay was performed with ATP Bioluminescent Assay Kit (Sigma) using a Beckman LS6500 scintillation counter.
Quantitative PCR. 0-1 hr embryos (dechorionated), ovaries of 3 day old females or testes were prepared for quantitative PCR using the primers listed in SI Text.
